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In this context, based on a three mass rotor system, this paper will track changes in the apparent system nonlinearity induced by rub dynamics as the speed of the rotor system is progressively increased.
By employing an FFT analysis to monitor the frequency content of the system rotor output, the existence of different forms of harmonics and sub/ super harmonics is utilized to define the predominating form of system nonlinearity, i.e., softening vs. hardening polynomial vs. transcendental. The occurrence of such behavior will be employed to explain the existence of chaotic like response, wherein due to the lack of whole tone tuning between the apparent system frequency and the driving input, the rotor continuously precesses into a sequence of apparently nonrecurring rub sites. Finally, the form of nonlinearity will also be utilized to explain the apparent domain of sub vs. super harmonics as damping is progressively increased.
MULTI-MASS RUB-IMPACT ROTOR MODEL
In previous works considering rub impact induced chaos of rotor dynamics, prototypically single mass rotor systems were considered. Here a multi-mass system is treated so as to assess the degree to which apparent chaos is distributed throughout the rotor system. To further complicate the dynamics an axially asymmetric mass distribution with anisotropic gravity effects is considered. This enables some mass stations to rub while others are impact free. As a further feature, the operating conditions are ranged from intermittent rubs at lower speeds to a full rubs at high speeds. The salient features of the simulation are given in the following subsections.
Modeling of the Multi-mass Rotor 
where
OTKeP Mmf
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where here 7 is a transcendental function. Depending on the choice of the irrational number families appearing in Eqs. (14) and (15), a whole range of functional types can be represented. In the context of the frequency, depending on the driving input, i.e., rotating unbalance force, which is periodic/harmonic, a complex mix of function types can evolve in the output spectrum.
For instance, for a quadratic integer polynomial, Fu(qm) e((qm)2.
(17)
Generally a harmonic excitation cos(ft) will lead to a solution of the form (Padovan and Zeid, 1981; Padovan, 1986) which consists of harmonic and sub/super harmonic components. As was demonstrated by Padovan and Zeid (1981) (Padovan and Zeid, 1981; Padovan, 1986 ).
Generally, for harmonic inputs, such nonlinearities tend to give rise to complex but more or less nonchaotic responses. This is an outgrowth of the exact tuning occurring because of the integer nature of the cosine/sine families of functions. In the case of irrational functions, generally there is no exact integer tuning between the input/output, thus leading to precessing orbits. The precessing becomes stronger/more chaotic the more the , c families of powers diverge from integer numbers.
As a final feature of nonlinearity, we must discuss the issue of the oddness/evenness/asymmetry of FN(qm). Typically FN is treated as being an odd function one in which the restoring forces are the same magnitude in compression and tension. If one were to investigate large deformation mechanics which involves a 2nd Piola-Kirchhoff/GreenLagrange stress/strain measure for a nonlinear medium, then a more or less asymmetric type of nonlinearity occurs (Padovan, 1986) . For linear Hookean materials in the elastic limit, the dominating nonlinearity is a mix of quadratic and cubic terms. Since the quadratic terms are even functions, they lead to asymmetry, i.e., hardening in one direction and softening in the other. The cubic terms are odd functions, they yield a symmetrical behavior. When combined, the overall behavior is asymmetric.
Averaging the rotor response behavior over several revolutions, the free and impacted behavior tends to reflect a global apparent system nonlinearity. With the introduction of directional effects such as gravity, static loading, or variable clearance configurations, a degree of asymmetry is induced in the orientation undergoing the most rub-bounce events. This implies that FN is dominated by even order polynomials. As we saw earlier, if the spectrum exhibits multiples of 1/2n or 2n in the frequencies of excitation then (q)2-type nonlinearity predominates the response. If on the other hand 1/3n or 3n spectra are excited, then (q)3-type behavior is dominant.
As a rule of thumb, spectra formed from the even ordered multiple (1/2n or 2n) of c are a result of system asymmetry, while the multiples 1/(2n + 1), 2n 4-1 are typically due to symmetrical type behavior. All appears that (1/2,2) multiples predominate the asymmetric behavior and (,3) the symmetrical.
For a system transitioning between such effects, the apparent nonlinearity is essentially fractional in nature, wherein no rational multiples of the driving frequency occur. Such behavior is perhaps the most prevalent mode of the response. Under such conditions, the impact sites will precess around the casing leading to apparent chaos. When the behavior is near an odd and even whole integer multiple of , then the precessing is very slow leading to apparently overlapping trajectory bounds.
FIGURE 2 Three-disc rotor model.
To illustrate various of the effects, the axially asymmetric rotor system described in Figs. and 2 was excited by an unbalance attached to disc 2. The unbalance eccentricity was assumed to be e-5 x 10-4m. The other system's parameters are: 11=0.25, 12 =14 0.26, 13=0.27m, and ml 2, m2 4 and m. 6 kg. The system's natural frequencies are: 110, 438 and 931 rad/s. Figures 3 and 4 illustrate bifurcation diagrams showing the response for different damping levels and interfacial rub friction. The results in Fig. 3 clearly suggest the possibility of the use of chaos mapping of monitored vibration signals as a diagnostic tool to detect some rotating machinery malfunctions.
Orbits and Poincar6 maps are shown in Fig. 5 (a) and (b) .
As the speed of rotation is ranged over the interval illustrated in Fig. 4 Frequency (Hz) FIGURE 5(a) Orbits, Poincar6 maps and power spectrum for rotational speed c= 369 rad/s. FIGURE 6 FFT spectra for x-displacement of disk #2 at different rotor speeds.
